Summary. Thl-and Th2-derived cytokine production in response to synthetic peptides of the fimbrial subunit protein (fimbrilin) from Porphyromonas gingivalis strain 38 1 was assessed in spleen mononuclear cells (MNC) of BALB/c mice (H-2d haplotype) immunised with the fimbrial protein antigen and adjuvant GM-53 in Freund's incomplete adjuvant (FIA). Sixtyseven sequential overlapping 1 0-mer peptides covering the complete 3 37 amino-acids (AA) protein of P. gingivalis fimbrilin were synthesised. Stimulation of spleen MNC in vitro with these 1 0-mer peptides resulted in the production of murine interleukin-2 (IL-2), y-interferon (IFN-y), IL-4, IL-5 and IL-6. Peptides 13 (AA 61-70), 24 (AA 116-125), 31 (AA 151-160) and 64 (AA 316-325) markedly induced IL-2 production. In particular, peptide 24 (DPLKIKRVHA), which contained I-Ad, I-Ed and I-Ak binding motifs, was the most potent stimulator of IL-2, IFN-y, IL-4, IL-5 and IL-6 production. Spleen MNC from C3H/HeN mice (H-2k) followed by BALB/c mice (H-2d) immunised with peptide 24 were high responders to peptide 24 in terms of both IFN-y and IL-4 production, whereas A/J mice (H-2") and C57BL/6 mice (H-2b) were very low responders, P . gingivalis fimbriae evoked higher delayed-type hypersensitivity (DTH) reactions in B 10.D2 (H-2d) and B 10.BR (H-2k) mice followed by C57BL/10 (B10, H-2b) and B1O.A (H-2") and in guinea-pigs immunised with the fimbriae and GM-53 in FIA. Thus, the Thl and Th2 helper T cell cytokine-producing responses and the DTH reactions to P. gingivalis fimbriae in mice are restricted by H-2 haplotype and the amino-acid sequence (AA 116-125) within the fimbrial protein molecule acts as a common stimulator of cytokine production in both Thl and Th2 cells.
Introduction
In the CD4+ helper T-cell activation process, the formation of the trimolecular complex among antigenderived peptides, MHC class I1 (Ia) molecules and Tcell antigen receptors (TCRs) is an essential event. Furthermore, the site(s) of antigen in contact with MHC molecules (agretope) and the site(s) of antigen in contact with TCRs (epitope) play an important role in constituting the trimolecular complexes. Evidence to support this may be obtained by the responder or non-responder phenotype of T cells in various strains of mice to a specific antigenq5y6 Subsequently, various lymphokines produced by activated T cells serve a major function in the humoral and cellular immune responses and play crucial roles in protective immunity against pathogens in infectious disease^.^, Murine CD4+ helper T cells have been classified into Thl cells secreting interleukin-2 (IL-2), y-interferon (IFN-y) and lymphotoxin (LT)/tumor necrosis factor$ (TNF-/ 3 ) , ' 9 lo and Th2 cells producing IL-4, IL-5, IL-6 and IL-10 in response to antigen.11-13 The Thl cells serve as mediators of delayed-type hypersensitivity (DTH) reactions, whereas Th2 cells stimulate antibody production by B cells.
Porphyromonas gingivalis has been strongly associ-ated with the development of periodontal diseases1* and the fimbrial protein on the bacterial cell surface is thought to be important in host-parasite interaction.15* l6 We demonstrated that fimbriae from P. gingivalis strain 38 1 exhibited multifunctional properties such as antigenicity, mitogenicity, adjuvanticity, chemotactic activity, induction of pro-inflammatory cytokines and other factor^.^^-^^ In immunobiological analyses with various synthetic peptides that mimicked the amino-acid sequence of the fimbrial subunit protein (fimbrilin) of P. gingivalis, the functional regions within the fimbrial protein molecular have been identified. 17 The titre of serum fimbria-specific antibodies and the number of cells secreting antibody against P . gingivalis fimbriae were found to be raised in patients with periodontal 21 P . gingivalis fimbriae also possess strongly immunogenic properties and subcutaneous or oral immunisation of mice and guinea-pigs with P . gingivalis fimbriae and their related synthetic peptides resulted in marked humoral and cellular immune response^.^^-^* Furthermore, in mice a marked genetic variation in the production of fimbriaspecific antibodies after immunisation with P. gingivalis fimbriae has been d e m~n s t r a t e d .~~
More recently, Ogawa26 investigated the immunodominant epitopes within the fimbrilin molecule of P. gingivalis by multipin peptide synthesis technology, revealing that immunisation with some synthetic peptides mimicking the amino-acid sequence in the immunodominant epitope regions offered protection against challenge with P. gingivalis.
In this study, a set of 10-mer peptides spanning the entire molecule of fimbrilin from P. gingivalis 381 was synthesised, then used to determine the region(s) that induced Thl-or Th2-derived cytokine production in spleen mononuclear cells of mice immunised with the fimbriae. Furthermore, the genetic control of cytokineproducing responses to synthetic peptide corresponding to T-cell epitope in strains of mice possessing different genetic backgrounds was investigated.
Materials and methods

Animals
Four inbred mouse strains, A/J, C57BL/6, BALB/c and C3H/HeN mice, and four H-2 congeneic strains, BlO.A, C57BL/10 (BlO), B10.D2 and B1O.BR mice, were obtained from Japan SLC Co., Shizuoka, Japan. The mice were 6-week-old males. Closed-colony male albino guinea-pigs (weight 300-3 50 g) were purchased from Nihon Rabbit Inc., Osaka, Japan.
Bacteria and preparation ofjimbriae from P. gingivalis 381 P. gingivalis strain 381 was grown anaerobically in GAM Broth (Nissui, Tokyo, Japan) supplemented with haemin (5 mg/L) and menadione (10 mg/L) at 37°C for 26 h, and the fimbriae were prepared as described previously. 22 The basic structure of fimbriae (fimbrilin) was identified as a single band of the 41-kDa subunit protein by SDS-PAGE.22
Pep t ide synthesis
In T-cell epitope mapping, 67 synthetic peptides representing the complete P. gingivalis fimbrilin sequence (amino acid-AA-residues 1-337)27* 28 were synthesised by a simultaneous multiple and cleavable peptide synthesis kit (Chiron Mimotopes Pty Ltd).29 Peptides were synthesised on polyethylene rods and cleaved from the rods in 96-well round-bottomed microtitration plates (Corning, New York, USA). These were then diluted in RPMI 1640 medium (Biken, Osaka, Japan) for use in the cytokine-producing assay (see below) and the peptide yield was estimated as described previously.26g 29 Peptide was synthesised with a model 9050 peptide synthesiser (Japan Millipore Ltd, Tokyo) by solidphase methods.30 After cleavage of the protecting groups with trifluoroacetic acid : m-cresol : ethanedithiol : methanesulphonic acid (90 : 2.5 : 5 : 2-5), the peptide was purified by high performance liquid chromatography on a reversed phase column (Capcell Pak C18 SG120, 1.5 x 15 cm; Shiseido, Tokyo, Japan) with a linear gradient (6 to 60%) of acetonitrile in acetic acid 0.1 YO at a flow rate of 23 ml/min. The major peak fraction of peptide was collected by monitoring the absorbance at 220nm. The purified peptide was analysed for composition by quantitative amino-acid analysis and sequenced by automated Edman degradation with a protein sequencing system (Prosequencer ; Japan Millipore Ltd).
, a stearoyl derivative of the disaccharide tetrapeptide isolated from Lactobacillus plantarum cell wall,31 was generously supplied by Dainippon Pharmaceutical Co., Osaka, Japan, and Freund's incomplete adjuvant (FIA) was purchased from Difco.
Cytokine production
On days 0 and 14, the fimbriae (100 pg) or the synthetic peptide segment (100 pg) with adjuvant GM-53 (100 pg) in FIA (0.2 ml/mouse) were administered subcutaneously to groups of five mice. Spleens were removed on day 28, and the cells were isolated and fractionated with Histopaque (Sigma) to obtain mononuclear cells (MNC).32 MNC were washed and suspended at a cell density of 8 x lo6 cells/ml of RPMI 1640 medium (Biken) supplemented with fetal bovine serum (FBS ; HyClone, Logan, UT, USA) 10 YO. Test specimens (10 pg/lOO pl) were then added to MNC (8 x lo5 cells/100 pl), and the cells were incubated at 37°C for 24 h (for IL-2 assay) or for 72 h (for assays of IFN-y, IL-4, IL-5 and IL-6) in a 96-well microtitration plate (Falcon 3072; Becton Dickinson and Co., Lincoln Park, NJ, USA), re~pectively.~~ After incubation, culture supernates were collected and cytokines were quantified by ELISA-IL-2, IL-4, IL-5 and IL-6 (Endogen Inc. Boston, MA, USA) and IFN-.)I (Genzyme, Cambridge, MA, USA). These assays were performed according to the manufacturers' instructions, and the data were interpreted from a standard curve prepared for each assay.
Assay for delayed-type hypersensitivity (D T H )
reactions in guinea-pigs and diferent strains of mice Groups of six guinea-pigs were immunised with 100 pg of fimbriae or peptide 24 (AA 116-125) with 100 pg of adjuvant GM-53 in FIA on day 0. Skin tests were performed to evaluate the T-cell response specific for P. gingivalis fimbriae in v~v o .~~ Briefly, the guineapigs were inoculated intracutaneously with 100 pg of fimbriae or synthetic peptide 35 days after immunisation. The skin was examined for evidence of erythema (longest length [mm] x shortest length [mm]) 48 h later. Groups of six mice were also immunised by subcutaneous injection of 100 pg of fimbriae or synthetic peptide with 100 pg of GM-53 in FIA on days 0 and 14. The immunised mice were given either an injection of 100 pg of fimbriae or synthetic peptide into the right hind footpad 2 weeks later (day 28). Footpad swelling (thickness, mm) at the injection site was measured 48 h after the provocative injection and the stimulation index for footpad swelling was calculated 
Computer predictions of antigenic determinants
T-cell epitopes within the fimbrial protein molecule of P . gingivalis were predicted according to the TSites program. 34 
Statistical analysis
The significant difference between the mean results for the different groups was determined by the Student's t test. 
Results
Cytokine
Cytokine production in response to peptide 24 (AA 116-125) in spleen MNC cultures from mouse strains previously immunised with peptide 24
The responses of four strains of mice in terms of IFN-y and IL-4 production to peptide 24 are presented in fig. 4 . The H-2 haplotype corresponded to the magnitude of the response, with C3H/HeN mice (H-2k) followed by BALB/c mice (H-2d) producing a very strong reaction, whereas A/J mice (H-2") and C57BL/6 mice (H-2b) barely responded ( fig. 4) .
DTH reactions in guinea-pigs and mouse strains immunised with P. gingivalis Jirnbriae or peptide 24
The intradermal challenge of guinea-pigs previously immunised with fimbriae from P. gingivalis with whole fimbriae elicited a DTH reaction, but no response was produced to peptide 24 (data not shown). P. gingivalis fimbriae and peptide 24 were also investigated for induction of DTH reactions in various mouse strains. P. gingivalis fimbriae evoked a greater footpad reaction in B10.D2 (H-2d) and B1O.BR (H-2k) mice than in C57BL/10 (B10, H-2b) and BIO.A (H-2") mice previously immunised with fimbriae and GM-53 in FIA. However, peptide 24 scarcely elicited a footpad re- 
Discussion
Potent regions for inducing Thl -derived cytokines (IL-2, IFN-y) and Th2-derived cytokines (IL-4, IL-5 and IL-6) within the fimbrial protein molecule from P. gingivalis were defined by priming BALB/c mice (H2d) with the fimbriae. Some Thl and Th2 helper T-cell epitopes were found in terms of IL-2, IL-4 and IL-6 production (figs. 1-3) and only one region, corresponding to AA residues at positions 116-125, elicited IFN-7 and IL-5 production. The number of helper Tcell epitope(s) within a protein antigen molecule and the type of cytokine produced may be associated with a good control of the immune response through the helper T-cell function. Among these epitope regions, peptide 24 that corresponded to AA 116-125 of P. gingivalis fimbrilin was found to elicit powerful Thl-and Th2-derived cytokine production. Analysis of the amino-acid sequence at positions 116-125 (DPLKIKRVHA) for possible T-cell epitopes with the TSites program34 revealed that peptide 24 (AA 116- (table) . Furthermore, the AA sequence at positions 120-125 (VTRVHA) of P. gingivalis HG564 fimbrilin, which was considerably different from the sequence in the other strains, almost completely coincided with the I-Ad binding motif predicted by Sette et al.36 . They demonstrated that the residue at the first position appeared to be commonly occupied by V, I or L in the I-Ad-restricted immunogenic peptides, and the second position was occupied by H, R, K or T, and position 6 was occupied by A, S or G. Thus, all strains of P. gingivalis tested share a common structural I-Ad binding motif (table) . Furthermore, the residue at position 1,2 or 3 is basic, namely R, H or K, as are the residues at positions 4 and 6; the residue at position 5 is non-charged and hydrophobic in the I-Ed binding motif. Finally the AA sequence at positions 120-125 in all the strains of P. gingivalis tested contained I-Ed binding motif.36 These findings seem to indicate that T cells could widely recognise variable AA sequences of protein associated with pathogenicity in the I-Adbinding system, even when patients with periodontal diseases are infected with variants of P. gingivalis.
It was shown previously that BALB/c and DBA/2 mice (H-2d) were high responders; CBA/J and C3H mice (H-2k) were intermediate, and C57BL/6 mice (H2b) were low responders to P. gingivalis fimbriae in terms of serum IgG and salivary IgA.25 Furthermore, in H-2 recombinants on a B10 background, highBlO.D2 (H-2d) followed by B1O.BR (H-2k)-and low-C57BL/ 10 (BlO, H-2b)-responders to the fimbrial antigen were identified. These results indicate strongly that the antibody responses to the fimbrial antigen were restricted by the H-2 haplotype. In this fig. 5) . Thus, these responses to P. gingivalis fimbriae in mice were associated with H-2 haplotype. However, peptide 24 (AA 1 16-125) scarcely elicited a DTH reaction in either guinea pigs or mice ( fig. 5) . We demonstrated previously that synthetic peptide FP38 1 (202-22 l), which corresponds to amino-acid residue numbers 202-22 1 based on the AA sequence of fimbrilin from P. gingivalis strain 381, elicited humoral and cellular immune responses in guinea-pigs immunised with the fimbriae or FP381 (202-221),24 and FP381 (202-221) contained the regions responsible for the immunodominant epitopes of P. gingivalis fimbrial It appears that the region corresponding to AA 116-125 of P. gingivalis fimbrilin may play an important role in the development of DTH reactions as well as in the antibody production by B cells, and the T-cell immune response to the region is restricted by both H-2d and H-2k haplotypes.
Taken together, among Thl-or Th2-derived cytokine-inducing region(s) the most potent AA sequence at positions 116-125 within the P. gingivalis fimbrilin molecule was identified in the mice previously immunised with the fimbrial antigen. The distinct IgG response against peptide 24 (AA 116-125) found in serum specimens from the patients with adult periodontitis26 and peptide vaccination studies have provided a well-defined approach for vaccination against infection with P. gingivalis.22y 26 Vaccination studies
